A micromachined separable RF connector is demonstrated using low-resistivity silicon as the substrate material. The design is based around a two-part device, containing pins capable of deflections perpendicular to the substrate plane. Thick SU-8 dielectric is used to reduce lossy substrate coupling and mechanical interlocking is introduced to ensure robust attachment to the substrate during fabrication and in service. Anisotropic wet etching is used to generate alignment features, which allow precise self-alignment between respective parts during mating. Test components were fabricated to allow single-sided probing, revealing a dc contact resistance of 44 m and an insertion loss of 3.5 dB at 8.5 GHz; the latter being stable over at least 100 mating cycles. The insertion loss effectively represents the response of two connector pairs in series, leading to a value of approximately 1.8 dB for a single pair. Isolation between adjacent lines is >35 dB at 8.5 GHz, indicating good crosstalk rejection between neighbouring pins. The concept is amenable to meet the future needs of high-density, high-frequency connectors, enhancing the options for integrating MEMS devices with CMOS circuitry.
Introduction
Trends in consumer electronics, IT and telecommunications are imposing increasingly more stringent requirements on the performance of separable connectors. These industries are collectively demanding devices with high-speed, high bandwidth performance in addition to reduced overall dimensions. Manufacturers are thus responding by focusing development on connectors capable of operating at higher signal frequencies (up to 6 GHz as standard), with higher pin density. For applications in portable consumer electronics, high interconnection density and low formfactor are key requirements. In such devices, zero-insertion force connectors, using flexible printed circuit (FPC) cable, are a common embodiment, and mass-produced devices with minimum pitch and height of 0.3 mm and 1.5 mm, respectively, are now commercially available [1] . Although such connectors are designed for dc or low-frequency operation, concomitant requirements for small size and high speed do arise when making connections between integrated circuits and motherboards in, for example, hand-held computer devices.
Microelectromechanical systems (MEMS) technology is well poised to offer a route towards meeting the key future requirements for high-speed separable electrical connectors. Whilst conventional manufacturing techniques offer limited scope for achieving high-density interconnections without significant increases in complexity and cost, MEMS fabrication allows dramatic reductions in device dimensions almost independently of manufacturing input. High-density and low form-factor can thus be achieved at relatively low cost when compared with conventional approaches. Despite this potential, developments in high-frequency MEMS technology have largely focused on radio-frequency and microwave switches [2] [3] [4] [5] [6] , employing either direct (ohmic) contact or capacitive membrane switching mechanisms, with various means of actuation, based on magnetic, electrostatic and electrothermal forces.
Recently, a self-aligning, micro-pitch connector was fabricated on a Si substrate using MEMS technology [7] . Key Layer arrangement in (a) dc [7] and (b) RF connector pins.
advantages of the design included (i) reliance on relatively simple, low-cost fabrication techniques based around a three-mask process, (ii) self-alignment, to prevent shorts and to ensure consistent contact force, and (iii) out-ofplane conductor deflections, to allow optimal contact force (hence contact resistance) with decreasing pitch. Devices were fabricated with a 100 µm pitch, showing low contact resistances of <50 m , which were stable to temperatures in the range • C and over (at least) 100 mating cycles [8] . Despite the advantages inherent in the design of the micro-pitch connector, its operation is limited to dc or low frequencies. A modified design is thus presented here, retaining key aspects of the first embodiment and augmenting these with additional features to allow the transmission of high-frequency signals. A two-part connector is developed on low-resistivity Si (LRS) substrates, using micromachined Si cantilevers to create high-force, ohmic contacts between sets of electroplated metal transmission lines. Low-loss signal transmission is achieved by using a thick dielectric layer to reduce coupling between the lossy substrate and overlying transmission lines. Figure 1 compares the layer arrangement of a connector pin in the modified design to that of a pin in the original (dc) micro-pitch connector.
Fabrication involves a combination of deep reactive ion etching (DRIE) and anisotropic wet etching in a potassium hydroxide (KOH) solution, to shape the Si substrate, and electroplating to form the conductors. The following sections describe the development of the connector and evaluate its performance in the transmission of high-frequency signals.
Background
Advances in complementary metal oxide semiconductor (CMOS) compatible micromachining have enabled the successful development of low-loss transmission lines and passive RF components. This, in turn, has facilitated integration between high-frequency, Si-based integrated circuits towards the creation of systems-on-a-chip (SoC). In many cases, however, the integration of MEMS and microelectronics on a common substrate is undesirable on the grounds of increased fabrication complexity, higher cost or lower overall system reliability. In such circumstances, there will be a need for micromachined separable RF connectors to allow modular assembly of systems comprising a series of chips, 'plugged' onto a miniature motherboard. The following sections provide an overview of the requirements for RF connectors, as well as key developments in micromachined RF components.
RF connector performance
The performance of high-frequency separable connectors is assessed in terms of their ability to transmit high-speed signals without unacceptable degradation to either the shape or the timing of the waveform. A number of mechanisms affect these factors, most notably frequency dispersion, dissipative losses, crosstalk and characteristic impedance mismatches along the transmission line. Crosstalk defines induced waveforms, arising between adjacent lines in which either one or all are simultaneously carrying high-frequency signals. Impedance mismatches along a transmission line generate reflections, which reduce the strength of the transmitted signal. Unlike fixed transmission lines, variations in material and geometry throughout the device introduce unavoidable tradeoffs, complicating design for optimal performance at low cost. In addition, achieving the dual attributes of high-speed and high bandwidth signal transmission can be extremely challenging, due to the need to minimize the adverse effects of increasing pin density on high-frequency performance. When signal lines are brought closer together, changes to parameters such as characteristic impedance and crosstalk need to be controlled in order to achieve an optimal balance that minimizes overall signal degrading mechanisms.
RF contacts
At GHz frequencies, the dimensions of electrical connectors often coincide with the guided wavelengths of transmitted signals, making them function as electromagnetic transmission lines. Electrical connectors in high-frequency networks thus need to be designed on the basis of their impedance characteristics, relative to those of the transmission line to which they are connected. In addition, the electrical analogy of a contacting interface between rough surfaces can no longer simply be regarded as purely real, i.e. resistive. Instead, additional quantities are required to account for contact inductance and capacitance. In the absence of a surface metal oxide, contact capacitance arises because surface roughness prevents complete contact, limiting it to the highest asperities. As a result, capacitive coupling occurs across regions that are not in ohmic contact, generating a parallel capacitive contribution to the contact resistance, the value of which varies as a function of the mean separation between the surfaces. The contact interface can thus be described electrically as an impedance, comprising parallel combinations of resistance, capacitance and series inductance. Under dc and low-frequency conditions, the impedance of the contact interface is controlled by multiple point contacts between surface asperities. In a simplified approach, the contact resistance is thus considered as a constriction resistance [9, 10] , in which each contacting asperity has the effect of constricting the passage of current across the interface (figure 2(a)). At high frequencies, current no longer flows through the bulk of the conductors on either side of the interface, but instead through a thin skin, defined by a depth δ s :
where f is the frequency, µ 0 is the magnetic permeability of free space, µ r is the relative magnetic permeability and ρ is the resistivity. As depicted in figure 2(b), the flow of RF current through each constriction is restricted to an annulus at the periphery, and the 'bulk' resistance in regions on either side is set by the current flow within the skin depth. The collective contact resistance is thus a summation of constriction resistance, R cst , and skin (or surface) resistance, R s ; defining a connection resistance, R cn [11] :
The decrease in skin depth with increasing signal frequency leads to a reduction in the dominance of R cst on R cn . At frequencies up to several tens of GHz, the contact inductance will typically be very small, so an expression for the contact impedance can be estimated by considering the effects of only contact resistance and capacitance [12] :
where C c is the contact capacitance and ω is the angular frequency (equal to 2πf ). High conductor surface roughness is thus undesirable as this can increase contact impedance and raise conductor losses. With the former, a high surface roughness generally increases the mean surface separation, resulting in a reduction in C c . Surface resistivity is also enhanced when surface roughness is high, leading to an increase in conductor losses via Joule heating. Such losses are only significant when the average roughness is close to the skin depth of RF current flow.
Micromachined RF components
The proliferation of ubiquitous wireless networks and portable communication devices has driven the need for lowpower, low-cost miniaturized RF and microwave monolithic integrated circuits (MMICs). This trend has been facilitated by related developments in RF interconnections, using microstrip lines and coplanar waveguides to provide the necessary linkage between various active and passive solid-state components. Despite the use of other, more exotic (and expensive) semiconductor materials in high-performance applications, interest in LRS (with ρ typically in the range 1-20 cm) has prevailed, due to its compatibility with lower cost CMOS fabrication. The use of high-resistivity Si (HRS), with ρ > 2500 cm, can lead to a significant reduction in RF coupling losses, allowing lower attenuation and higher Q-factors of operation in overlying devices. However, such a material is more costly than LRS and, furthermore, incompatible with standard CMOS processing.
The incorporation of CMOS-compatible micromachining technology into Si-based RF devices promises to bring new hope towards achieving improved high-frequency performance. So far, a number of micromachining techniques have been applied to realize low-loss transmission lines on LRS substrates. Most approaches have focused on the use of thick dielectric layers [13] [14] [15] , suspending structures on membranes [16, 17] and in air [18, 19] , or by selective substrate removal around the periphery of conductor lines [20, 21] , to reduce coupling losses.
The use of dielectric layers is generally preferable in many applications due to the retention of structural rigidity, allowing greater reliability during post-processing and in service. A number of photopolymers has been applied, as thick dielectric layers, to raise transmission lines away from LRS substrates, including polyimide [13, 14] , benzocyclobutene (BCB) [14] and SU-8 [15] . BCB is the most suitable candidate due to its low tan delta (tan δ) of 0.0008 and low tendency to absorb water. However, processing factors, most notably the ability to coat thick layers (>100 µm) in a single-spin process, can favour the use of SU-8 over both polyimide and BCB, despite it having a higher tan δ of 0.08.
Design
In keeping with the basic embodiment of the dc connector demonstrated in [7] , the design for a high-frequency connector is based around a two-part device, fabricated in Si, containing features for self-alignment and pins capable of out-of-plane deflections. In order to operate as an RF device, the pin arrangement was modified to eliminate the reliance on electroplated Ni as the structural layer. Figure 3 illustrates each part of the connector, indicating key features and the preferred means of connection (i.e. via in-line sliding). The following sections outline the design of electrical and structural aspects of the connector.
Pin structure
Ni is highly undesirable in RF applications, due to its high magnetic permeability. This factor results in a significantly reduced skin depth, relative to conductors such as copper (Cu) and gold (Au), reducing sheet conductance and increasing conductor loss. At first sight, increasing the thickness of the Au layer in the pin structure shown in figure 1(a) could minimize current flow through the Ni layer and allow lowloss transmission of high-frequency signals. However, the situation is hampered as exposed sections of Ni on the sides and on the underside of each pin provide open access to lines of magnetic flux, generating induced currents through the lossy conductor. The situation is made worse by the fact that the skin effect causes 'crowding' of current flow along the edges of signal lines in a transmission line [22] , which make these regions responsible for a major portion of overall conductor losses. It is clear, therefore, that the presence of Ni in the pin layer arrangement should be avoided in an RF connector. Cu could function as a low-loss structural replacement for Ni, based on its relatively high Young's modulus of 130 GPa [23] . However, interdiffusion between the Cu and the Au surface later, due to lattice mismatches, requires the use of a Ni barrier layer. At a thickness of 5000Å, the Ni can suppress interdiffusion during a typical annealing process at 400
• C [24] and under in-service conditions. At such a thickness, RF conductor loss through the Ni layer would not be significant. This approach was not finally implemented, and instead an alternative pin design was considered, based on the use of Si as the structural material (figure 1(b)). As indicated in the figure, thick polymer dielectric is applied to separate the conductors in the transmission line from the substrate, reducing parasitic coupling when a LRS substrate is used. The use of Si has several advantages over Cu. First, it has a higher Young's modulus (comparable to that of steel along certain crystallographic directions), allowing smaller pin deflections to achieve the same contact forces. In addition, as the Si substrate is now extended to the pins, the dielectric can be applied continuously throughout the connector structure, avoiding problems associated with impedance mismatches.
Transmission line design
To ensure reliable (ohmic) contact between signal and ground lines, use of an asymmetric coplanar strip (ACPS) is favoured over the popular coplanar waveguide (CPW) alternative. The latter would require three points of contact (two for ground and one for signal) per pin to establish reliable 50 connections, which is unlikely in a practical context, due to difficulties achieving a level conductor height for each conductor in each transmission line. The advantage of adopting an ACPS conductor arrangement is that only two points of contact are required per pin, meaning reliable ohmic connections can be created regardless of height differences between signal and ground lines. The absence of a second ground in the ACPS structure also allows for a reduction in pin width (and spacing), facilitating a high-density arrangement.
An alternative transmission line structure is the thin-film microstrip (TFMS). In this arrangement, the signal line has no lateral grounds, but instead a ground is present in the form of a plane beneath the signal line, isolated by a dielectric layer. As most of the electromagnetic field lines are confined to pass through the dielectric material, low-loss polymer materials such as BCB are typically used in TFMS structures. Polymers with higher tan δ values (such as SU-8) are thus avoided, as signal transmission losses will be considerably higher than in coplanar waveguides and coplanar strips, in which both signal and ground lines are located on a common plane. The high degree of field confinement between signal line and ground plane can also make it undesirable in RF contact applications, as the transferral of the electric field between contacting TFMS lines can be difficult. For this reason, and because of the availability of SU-8 over other, lower loss polymer alternatives, the ACPS transmission line structure was chosen instead of the TFMS.
The dimensions of the ACPS structure were varied to achieve a 50 characteristic impedance for a range of possible dielectric material properties and thicknesses. Gap width was also varied to 10, 30 and 50 µm, reflecting best-and worst-case alignment scenarios during mating. The choice of conductor and gap widths, to achieve a particular characteristic impedance, Z c , can be made using analytical expressions based on conformal mapping techniques, for transmission lines on finite thickness, non-conductive substrates [25] . RF characteristics for transmission lines on LRS substrates must therefore be evaluated using electromagnetic wave simulators. Simulations performed using 2D electromagnetic circuit solver MicroWave Office TM (Applied Wave Research) indicated that decreases in the width of the ground plane, below the width of the signal line, had a negligible effect on characteristic impedance and attenuation for frequencies up to 10 GHz. Instead, the most significant parameters controlling transmission line characteristics were the width, w s , of the signal line and the gap, s, between it and the ground line (figure 4). The ground width, w g , was maintained constant at 100 µm for all the designs, with w s and s varied as indicated in table 1.
The dimensions in table 1 are based on the behaviour of a single ACPS in isolation. When adjacent pins are considered in the model, each transmission line can effectively be considered as an asymmetric coplanar waveguide (ACPW), consisting of two lateral ground planes. However, the extended signalground spacing between adjacent pins, s p , compared with the spacing on the same pin, s, limits the influence of the additional ground plane on the RF characteristics of each transmission line. The spacing, s p , was maintained at 210 µm for all ACPS variants, set by the need to accommodate sloping side faces on the supporting Si cantilevers to a maximum thickness of 100 µm. Based on the line width and separation combinations specified above and in table 1, the inclusion of a second ground, corresponding to the transition from ACPS to ACPW structure, is observed to have a negligible influence on the characteristic impedance of the transmission line over the typical frequency range of interest for an RF connector (1-10 GHz).
Anti-stubbing mechanism
Alignment between signal and ground lines during mating is achieved using self-locating grooves and rails, present on either part. These features are defined by sloping {1 1 1} crystal planes and formed via anisotropic wet etching of (1 0 0)-orientated Si. The etching conveniently slopes the tips of the connector pins, facilitating smooth in-line sliding during initial contact. The vertical profile of the overlying dielectric and conductors, however, hinders smooth progression and instead promotes damage and possible failure (via stubbing) of incoming pins. To avoid this situation, a mechanism is introduced to provide clearance between vertical features during initial pin contact, ensuring smooth, in-line connection. As indicated in figure 5 , this anti-stubbing mechanism comprises protruding features in the form of polished alumina (Al 2 O 3 ) spheres on one part and slotted openings on the second (incoming) part. The alumina spheres are precisely located within cavities defined by {1 1 1} crystal planes and secured with epoxy adhesive. The slots on the incoming part are designed to accommodate the alumina spheres, present in the receiving part, allowing uninterrupted in-line sliding between the two following initial rail-trench alignment.
At the point of initial contact between incoming Si cantilevers, their sloping (front) faces promote smooth pin deflection up to the point prior to contact between respective SU-8 layers (stages 1 and 2). Next, crossbars interrupting the slot in the incoming part meet the alumina spheres in the receiving part, momentarily halting in-line sliding. To continue, the crossbars must negotiate the exposed curved surfaces of the Al 2 O 3 spheres in the receiving part. In the process, the front of the incoming part is tilted upwards, and away from the receiving part, allowing both sets of pins to be clear of one another at their tips. Rail-trench alignment is still retained on the back section of the incoming part, allowing a return to normal (parallel) in-line sliding conditions after the crossbars have slid over the downward sloping sections of the spheres. At this point, vertical faces on each set of transmission lines are beyond one another (stages 3 and 4), and stubbing can no longer occur with continued sliding. For this mechanism to function as described, the sphere diameter, φ, and the dimensions of retaining cavities must be chosen to generate a protrusion height, p , from the substrate surface, of less than the radius of the sphere.
The anti-stubbing features serve two additional, and unconnected, functions by (i) acting as mechanical stops to prevent continued in-line sliding beyond a predetermined point and (ii) allowing coarse alignment, prior to fine alignment with locating rails and grooves, to enable vertical mating. The latter provides an option for achieving successful electrical connections in the event that the anti-stubbing mechanism is not reliable.
Structural requirements
The multilayered pin structure comprises materials with widely differing physical properties (table 2), requiring careful attention to the design of mechanical, as well as electrical, attributes. Assuming identical pin dimensions on respective connector parts, tip deflections, δ, can be deduced from the dimensions of both the transmission line structure and the alignment features ( figure 5 ). The latter can be adjusted to 
The reduction, by a factor of 2, in expected deflections arises due to the mutual (and equal) compliance of both sets of pins. A limit to δ is set by the need to ensure that the failure stress, σ f , is not exceeded in any layer within the pin structure, which requires knowledge of pin length, L. The value for L is not the total pin length, but instead an 'effective' length, based on the distance between the pin root and the point of load application.
The tensile failure stress of SU-8 is considerably lower than that of Si, typically reaching magnitudes in the range 34-53 MPa [29, 30] prior to hard baking, compared with values in the range 3.0-3.9 GPa [26, 28] for Si. The strength of the SU-8 layer, therefore, sets an upper limit to the maximum bending stress that each pin can sustain. Additional mechanical properties for SU-8 that require attention are (i) residual film stress and (ii) shear strength at the substrate interface. Residual stress for SU-8 layers of thickness in the range 5-40 µm is reported to be relatively constant, taking an average value of 19 MPa [32] .
Interfacial strength between SU-8 and underlying Si cantilever supports is extremely important to the reliability of the pin during mating.
If it is insufficient to sustain shear stresses that arise during contact deflections, delamination will occur, irreversibly damaging the transmission line structure. A recent study [33] has indicated an interfacial shear strength between SU-8 and Si substrates to lie in the range 6.5-6.8 MPa. This range is significantly lower than the tensile strength for SU-8, which would normally set a new lower limit to maximum allowable beam deflections. As will be discussed in section 4, interfacial delamination between SU-8 and supporting substrates can be suppressed through the use of mechanical interlocking. Assuming this to be the case, interfacial shear strength between SU-8 and Si is ignored in the analysis.
A range of permissible effective pin lengths, L, was determined for various dielectric and Si cantilever thickness (h d and h s ) combinations (hence, pin deflections δ) to ensure that maximum bending stresses were below σ f for both SU-8 and Si. Inevitable stress concentrations at the root of each pin would raise local stress levels, reducing the nominal failure stress for Si. Based on an estimated stress concentration factor (SCF) of 2, a minimum value for L of 800 µm is required to accommodate pin deflections of up to 50 µm; corresponding to h d = 20 µm and h s = 75 µm. The thickness of the SU-8 layer can thus be increased with increasing L. For example, a minimum L of 1000 µm will allow pin deflections up to 80 µm, corresponding to a higher SU-8 thickness of 50 µm. A fixed conductor thickness, h c , of 5 µm and a minimum alignment rail-trench overlap height, g, of 50 µm are assumed in all cases. The choice of conductor thickness is made to accommodate twice the skin depth at 1 GHz and more than three times this depth at 2 GHz and beyond.
A final important consideration in the design is the effect of differential expansion between respective layers in the pin structure. The significant difference in linear thermal expansion coefficient, α, between SU-8 and Si (table 2) indicates that most differential thermal strains will be generated between these materials. Calculations using an analytical expression for the thermal deflection of a bimetallic cantilever [34] , however, reveal downward deflections of less than 0.2 µm for each 10
• C rise in temperature. These deflections will have the effect of marginally reducing the contact force from design values.
RF test components
Due to the absence of suitable high-frequency cables to facilitate characterization, special test components were designed to allow single-sided, on-device probing. The components took the form of a repeated connector pair, attached back-to-back (figure 6). Pin length was varied in the range 500-1500 µm, to vary contact force and to allow for a range of dielectric and conductor thickness variations. Devices were eventually designed with overall dimensions of 10 mm × 8 mm, with the top part varying in length from 5 to 7 mm, depending on the cantilever length.
Fabrication and assembly
A fabrication process was developed, comprising mainly bulk Si micromachining and electroplating. Wet anisotropic etching was an important step due to the need to form alignment features in the Si substrate. However, as etching could not be performed prior to the fabrication of RF transmission lines, due to difficulties applying and spinning photopolymer on non-planar surfaces, this presented a major challenge to the fabrication of prototypes. First, the dielectric material on which the conductors are formed required a high degree of chemical stability to prevent etching during prolonged immersion in etchant solution. Second, excellent adhesion between respective layers of the transmission lines and the Si/SiO 2 substrate was necessary to prevent delamination, both during processing and thereafter. SU-8 was chosen for the dielectric, due to its high chemical stability and the ability to form thick layers in a single-spin process.
Early trials using SU-8, however, revealed poor adhesion with the underlying Si/SiO 2 substrate following immersion in KOH solution; leading to total separation after only a few minutes. Various adhesion promoting strategies were explored, including (i) surface modification using oxygen plasma, followed by the application of adhesion promoting monolayers; and (ii) modifications to the SU-8 curing process to achieve a reduction in film stress. Neither strategy yielded the necessary adhesion improvements to prevent SU-8 delamination, and this led to the development of a technique, based on mechanical interlocking [27] , to introduce physical restraint at the SU-8:Si/SiO 2 interface.
KOH was used as the Si etchant in this study due to its availability and ease of use, when compared with other anisotropic wet etchants. A major disadvantage of KOH is, however, that it is not CMOS-compatible, due to the generation of potassium ions (K + ), which can contaminate CMOS devices. An alternative anisotropic wet etchant that does not exhibit this problem is tetramethyl ammonium hydroxide (TMAH). On its own, however, TMAH readily etches aluminium (Al), and this is undesirable as Al is used to form bond pads on CMOS devices, which are exposed during etching. By mixing suitable quantities of Si and an oxidizing agent, the etch rate of Al can be drastically reduced to yield a CMOS-compatible process [35] . The following sections provide details on the fabrication process finally implemented and the assembly of test components designed to facilitate RF characterization.
Process
Key fabrication steps for both halves of the connector are outlined in figure 7 . First, bonded silicon-on-insulator (BSOI) wafers with 75 µm device layer thickness, having (1 0 0)-orientation and low resistivity (in the range 1-10 cm), are thermally oxidized to a thickness of 1.2 µm. Photoresist (AZ9260) is applied to the handle layer to a thickness of 8 µm and patterned to form openings to the underlying Si, which are later etched using DRIE to form vertical cavities extending to the buried oxide. Openings are then patterned in the oxide on the device layer, defining a mask for the formation of cavities with overhanging sidewall profile using either RIE or DRIE. Following re-oxidation, the oxide on the device layer is again patterned, this time to define masking regions for the formation of Si cantilevers, following anisotropic etching in KOH during the final step (step 5). SU-8 is applied to the pitted substrate and spun to a nominal thickness of 20 µm from the unetched surface. By incorporating a settling time prior to spinning, bubble-free cavity filling can be achieved. Lateral overlap between substrate cavities and crosslinked SU-8 results in a robust, mechanically interlocked interface ( figure 8(a) ), with sufficient strength to prevent SU-8 delamination during micromachining of the device layer in KOH. A sputtered seed layer, consisting of 500Å Cr and 1000Å Cu, is applied following SU-8 patterning, and electroplating moulds are subsequently patterned above, using AZ9260. Transmission line conductors are electroplated within these moulds to 3 µm in Cu, with a 1 µm surface layer of pure Au. The harder Au-Co alloy was not selected as the surface layer, as Co has a high relative magnetic permeability. This makes Au-Co alloys undesirable in RF applications as the presence of Co will enhance conductor losses.
The Cu layer was applied instead of forming conductors entirely in Au, as the aggressive nature of the Au-plating electrolyte accelerated peeling of the photoresist mould, resulting in underplating and linkage between signal and ground lines. By electroplating a primary layer in a material associated with a less aggressive electrolyte, thicker structures can be formed prior to mould peeling. The growing metal structure also offers an additional advantage in that it imposes a compressive stress on the photoresist mould, helping it to suppress ingression of Au electrolyte during subsequent plating. Furthermore, by forming the majority of the conductor thickness in the primary material, only a thin layer of Au is required to achieve the required conductor thickness, reducing the immersion time in the Au electrolyte. Cu was selected as the primary layer due to its low RF resistivity, despite aforementioned problems of interdiffusion with Au. By characterizing components soon after fabrication, though, interdiffusion between the two layers can be minimized and is likely to be negligible, as it is a time-and temperaturedependent process. Following photoresist and seed layer removal, the wafer is immersed in 40% KOH solution, heated to 80
• C, in order to etch the device layer to the buried oxide. This step completes the formation of compliant (Si/SU-8/Cu/Au) connector pins (figure 7) and passive alignment features on either part of the connector.
Assembly
Connector halves were cleaved into dies, facilitated by the presence of through-thickness slots formed following DRIE of the handle layer. Polished Al 2 O 3 spheres measuring 500 µm in diameter (Goodfellow, USA) were placed in retaining features on the bottom part (figure 6) and affixed using two-part epoxy adhesive. The sloping faces of the retaining features helped ensure accurate positioning of the alumina spheres, however, the application of adhesive proved difficult due to the dimensional scale involved. Clean application of adhesive to the alumina spheres, without leaving remnants on exposed surfaces, was found to be particularly problematic. Furthermore, the adhesive bond between the spheres and the substrate was insufficient to prevent dislodging following the application of side loads with a set of fine-nose tweezers. The combination of poor adhesive application and insufficient bond strength following curing indicated that the anti-stubbing mechanism was unlikely to reliably function as required.
In order to allow RF measurements to proceed, irrespective of problems with the anti-stubbing features, components were mated not by in-line sliding, but by an alternative approach-the top part being simply placed into position. Coarse alignment was achieved following accommodation of alumina spheres within through-thickness holes in the top part. Then, more precise alignment between respective parts was achieved following rail-trench location.
As discussed previously, aside from allowing precise in-line connection, the alignment features set the maximum deflection that can be applied between connecting pins, ensuring constant contact force and contact resistance. An additional benefit of mating connector parts in this manner derives from the arrangement of pins on the test components. Unlike devices in a final application ( figure 3 ), test components have pins situated at either end of both top and bottom parts. This causes problems when attempting in-line connection, as the anti-stubbing features will tilt the top part relative to the bottom part, prior to disconnection of pins on the trailing end. Such a situation is undesirable, as conductor wear will not be representative of abrasion that will occur in the design depicted in figure 3 . In addition, tilting prior to disconnection between one set of pins can cause applied deflections to exceed the maximum design values, as rail-trench engagement is only partial and vertical alignment is no longer evenly applied. Once mated, a vertical force must be applied to hold the connector parts together, in order to maintain pin deflections. In a final application, such a force is likely to come from an external structure, such as the connector housing, containing elastically compliant features that deflect upon insertion of a connector part. No such structure was designed for this study, as such vertical retaining forces between the two parts were applied using a probe tip, for dc measurements, and polyimide adhesive tape (Kapton R ) for RF measurements. With the latter, the adhesive strength provided by the tape was sufficient to ensure uniform displacements to all connecting pins for several minutes after application. This provided sufficient time to allow RF measurements to be performed across all connecting pins. A single-pin connector set is shown in figure 9 , before and after mating. Successful pin alignment and deflection are clearly visible in figure 9(b) .
Results and discussion

Dc electrical and surface characterization
Four-point probe measurements were performed on mated four-way test components, to establish contact resistance and conductor resistivity on adjacent lines. Contact resistance was highly consistent, yielding an average value of 44 m , with an estimated contact force of 150 mN. The contact resistance was also stable over a number of mating cycles, involving replacement of the top part orthogonal to the substrate plane in the manner previously described. It is only when the contact resistance approaches values in excess of 1 that dissipative losses at the contact are expected to induce a significant contribution to overall RF conductor losses [11] . Measurements between signal and ground lines confirmed an absence of shorting, implying successful alignment between connecting ACPS lines.
Conductor roughness was measured using both atomic force microscopy (inset, figure 9(a) ) and scanning white-light interferometry. Roughness data obtained with an atomic force microscope (AFM) were sensitive to both location and area of the scan; the maximum area being 50 µm × 50 µm. Larger scan areas were possible with an interferometer, allowing more consistent and representative data to be obtained. Figure 10 shows a mated connector pair with corresponding four-point probe and roughness average (R a ) data provided in the adjacent table. The roughness data reflect conditions prior to mating.
RF characterization
Test components were probed on a Cascade Summit 9000 probe station, fitted with Infinity S-G probes having a 200 µm pitch. Two-port RF characterization was performed up to a frequency of 8.5 GHz using an Agilent ENA series network analyser (E5071B). An RF equivalent circuit for a mated test component is shown in figure 11 , comprising series resistance (line and contact), inductance and shunt capacitance. Contact points are represented by a parallel R-C combination, in which the magnitude of C is likely to be small for low and uniform surface roughness in the contact region.
Two-port S-parameters were converted into logarithmic magnitudes from real and imaginary components. ABCD parameter analysis was then carried out to determine characteristic impedance, Z C , and propagation constant, γ , by forming a 2 × 2 matrix Figure 10 . Mated connector pair (appended images) and corresponding dc electrical and surface roughness data. 
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Z C and γ are then extracted using the following expressions:
Measurements on an unmated transmission line of length 1500 µm, with a 30 µm S-G separation (variant 2, table 1) and a nominal SU-8 thickness of 20 µm revealed an insertion loss of 3.5 dB cm -1 at 8.5 GHz ( figure 12(a) ).
Components were then mated, allowing the effects of pairs of separable RF contacts on individual transmission lines to be assessed. Insertion loss and return loss data from three adjacent sets of pins are shown in figure 12(b) ; data on the fourth pin are not included as a short was present between signal and ground lines. A maximum insertion loss of 3.5 dB is measured at a 8.5 GHz, corresponding to approximately half this value when considering connection between a single connector pair with only one contact per line ( figure 3 ). The length of the transmission line was 10 mm, corresponding to the overall length of the connector test set. Insertion loss per unit length is thus similar to the value obtained from the unmated transmission line, indicating that signal attenuation in the mated connector set is dominated by propagation losses. As a comparison, a conventional, macroscale, RF connector typically requires insertion loss and return loss characteristics of <0.2 dB and >20 dB, respectively, for acceptable performance.
As dimensions decrease into the micro-domain, however, conductor losses inevitably increase as the conduction current density increases, leading The top part of the mated set was then lifted and replaced (with applied force) a number of times in close succession, and measurements of insertion loss after 5 and 100 cycles revealed almost identical results ( figure 13(a) ). Pin deflections induced during replacing cycles generated a degree of relative sliding between contacting regions, leading to a flattening of surface asperities. A wear groove clearly identifies the line beyond which no more sliding contact occurs (figures 13(b) and (c)). Interestingly, despite the appearance of wear, comparison between R a values in the table in figure 10 and in figure 13(c) reveals little variation over the 100 mating cycles. A possible explanation is that whilst some regions are being flattened, others are increasing in roughness, maintaining an almost constant net roughness over the scan area. Variations in conductor surface height may induce such a situation. As conductor surface roughness is of the order of 0.1 µm, it will only significantly affect signal transmission when the skin depth approaches several multiples of this value (say 0.3 µm). As such, surface attenuation will only become significant at frequencies above 50 GHz and 80 GHz in Cu and Au conductors, respectively (where ρ Cu is 1.7 × 10 . The unmated transmission line has no separable contacts or transitions in the thickness of the Si substrate to generate impedance mismatches. This strongly indicates that signal attenuation in the mated connector is dominated by propagation losses arising due to coupling of the transmitted signal with the lossy Si substrate. Reflections of the signal generated due to characteristic impedance mismatches at each contact thus play an insignificant role in overall signal attenuation. This may go some way towards explaining the insensitivity of insertion loss to the number of mating cycles.
The insertion loss of the connector can thus be minimized by focusing on strategies to reduce signal coupling with the lossy Si substrate. This effect can be achieved without modifications to the design by (i) increasing the thickness of the dielectric layer and (ii) choosing a different dielectric material with a lower tan δ. SU-8 is regarded as a highly lossy dielectric material for RF applications, due to its high tan δ of 0.08. It is thus not expected to perform well as a dielectric to reduce signal coupling with lossy substrates, unless it is applied to a thickness greater than that for lower loss alternatives such as BCB (tan δ ∼ 0.0008) and polyimide (tan δ ∼ 0.006). However, increasing the thickness of the dielectric layer will increase pin deflections for a given railtrench overlap, requiring an increase in minimum pin length to prevent failure in either Si or SU-8.
High-frequency simulations
Insertion loss data were compared with computed predictions generated using the 3D electromagnetic field solver HFSS TM (Ansoft, USA). A model of the mated connector test set was created as shown in figure 14(a) , and insertion loss parameters computed, for both SU-8 and BCB dielectric ( figure 14(b) ), with 25 µm and 50 µm thickness. In the case of 25 µm thick SU-8, allowances were made to account for additional dielectric material in interlocking lobes ( figure 8(a) ), by marginally extending the total layer thickness. If the layer is replaced by BCB at the same thickness, a 38% reduction in insertion loss is observed. A similar effect can be achieved by increasing the SU-8 layer thickness to 50 µm. Instead, if a 50 µm thick layer of BCB is used, the reduction in insertion loss increases to 62% at 8.5 GHz. This last scenario is hypothetical, as BCB layer thicknesses are limited to 30 µm in a single-spin process.
As the density of current flow is highest along the edges of the signal and ground conductors in a transmission line, substrate coupling is expected to be greatest beneath these areas. By removing SU-8 in regions around each conductor in the transmission line, reductions in dielectric loss can be achieved, as regions of highest field concentration no longer pass through the SU-8. Additionally, removal of the dielectric in this manner will lower the effective dielectric constant and capacitance of the transmission line, as well as reduce the current density in the conductors, both of which help to reduce the insertion loss Isolation between adjacent pins was measured by terminating opposite ends of the transmission lines with 51 surface-mount resistors, and probing as indicated in figure 15(a) . The resistors were soldered onto Au tracks on printed circuit boards, which were in turn attached between signal and ground lines using Au bond wires. The bond wires would have the effect of adding some marginal inductance to an otherwise resistive line termination. The narrow pitch between adjacent pins limited the space available to achieve adequate separation between bond wires and probe tips, possibly adversely affecting measured isolation. This could also explain the undulations in the data shown in figure 15(b) . Nevertheless, minimum isolation was more than 20 dB across the vast majority of the frequency range and >35 dB at 8.5 GHz. Simulations reveal greater isolation for both near and far port stimuli, particularly at lower frequencies up to 1 GHz. Although no direct measurements of crosstalk were made, the isolation data indicate satisfactory coupling behaviour between adjacent connector pins. 
Conclusions
A micromachined separable RF connector is demonstrated in LRS, using thick SU-8 to reduce substrate coupling. Fabrication involves a combination of deep reactive ion etching and anisotropic wet etching. The latter conveniently creates features to enable precise lateral and vertical self-alignment during mating. Pins deflect perpendicular to the substrate plane upon connection and a high-force, elastic contact is created due to the presence of supporting Si cantilevers. Each pin carries a separate transmission line, in the form of an asymmetric coplanar strip over thick SU-8 dielectric. A major challenge faced during fabrication was the need to prevent peeling of SU-8 dielectric during anisotropic etching of Si in KOH solution. By introducing mechanical interlocking at the bond interface, however, adhesion could be retained, maintaining the integrity of the transmission line.
Test components were fabricated to allow single-sided probing, revealing a dc contact resistance of 44 m per contact and an insertion loss of 3.5 dB at 8.5 GHz, the latter stable over 100 mating cycles. The insertion loss effectively represents the response of two cascaded connectors, leading to a value of approximately 1.8 dB for a single pair. Although this signal loss appears high when compared with the attenuation characteristics of conventional macro-sized RF connectors, this is to be expected as loss increases rapidly as component dimensions decrease.
The insertion loss can be reduced by increasing the dielectric thickness or by using a dielectric material with a lower loss tangent (such as BCB). Isolation between adjacent lines is >35 dB at 8.5 GHz, indicating adequate crosstalk rejection between neighbouring pins. The concept demonstrates a CMOS-compatible route towards future developments in high-density, high-frequency connectors.
